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Abstract: The hydrogen sensing performance of palladium (Pd) catalyst loaded TiO 2 nanorods based sensors were
investigated. TiO 2 nanorods were grown on Al 2 O 3 substrate by a facile hydrothermal process. TiO 2 nanorods (NRs)
were functionalized with Pd metal by RF magnetron sputtering. Samples were characterized by X-ray diffraction (XRD)
and scanning electron microscopy (SEM) techniques for structural and morphological analysis. Sensor measurements
toward H 2 and some volatile organic compounds (VOCs) such as acetone, ethanol, xylene and toluene were performed
by varying gas concentrations at different temperatures. The sensors were found to exhibit excellent sensitivities towards
different hydrogen concentrations ranging from 25 to 1000 ppm in air. The effects of different operating temperatures
on the sensing performance of the devices were studied in the range of 100–200 ◦ C. It was observed that the 2 nm Pd–
loaded and 4 nm Pd-loaded sensors were approximately 12 and 44 times more sensitive than the pristine TiO 2 nanorods
sensor, respectively. The effect of temperature dependence on sensor response and the influence of the metal loading for
hydrogen sensing are presented and discussed.
Key words: Chemiresitive gas sensor, H 2 sensor, TiO 2 nanorods, Pd loading, surface functionalization, surface
modification

1. Introduction
In recent years, hydrogen is considered as a very good alternative to fossil fuels for the energy needs of tomorrow.
Its superior characteristics such as being harmless to human health, not contributing to the greenhouse effect
in contrast to fossil fuels, being only water formation as a product of combustion reaction, which makes it a
clean and renewable energy source, are enough to predict that hydrogen will find a wider range of application
area in our daily life in near future [1]. Regarding the storage and transportation requirements, the expansion
of application area in the use of hydrogen brings with it new safety problems. When hydrogen reaches a
concentration of about 4% in atmospheric weather conditions, it has a risk of bursting due to very low ignition
energy [2, 3]. Due to this feature, explosion risks that may result in fire and injuries are the most important
problems with the use of H 2 . Therefore, detection of hydrogen concentration at a level lower than flammable
limit is the most important factor to prevent accidents.
Today, there is an increasing need for faster, more precise and more selective perception of hydrogen
in various areas of the industry. For example, monitoring hydrogen concentration in ammonia and methanol
synthesis [4, 5], hydration of hydrocarbons, desulphurisation of petroleum products and production of rocket
fuels [6]. It is also necessary to measure the hydrogen gas concentration in metallurgical processes [7]. Hydrogen
can be released in nuclear power plants, radioactive waste tanks or coal mines in various ways as a result of low
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oxidation of coal [8, 9]. The concentration of hydrogen gas is closely related to semiconductor production [6].
It may also be an indicator for the diagnosis of some diseases and the measurement of environmental pollution
[10]. Considering the storage and transportation requirements, this expansion in the usage area brings new
security problems. For example, hydrogen transported or stored in liquid form may boil because of leakage and
ignite at about 2200 °C with an almost invisible pale blue flame. Therefore, detection of H 2 gas concentration
before reaching the critical level is the most important factor in preventing accident formation.
Thus far, different methods such as chromatography, mass spectrometers, optical sensors, and chemiresistive sensors have been used for detection of H 2 gas [11–16]. Among these methods, chemiresistive sensors
have several advantages over other H 2 detection methods because of their low cost, smaller size, and ease of
use [16]. These advantages make chemiresistive sensors more compact, more suitable, and widen the field of
application. Chemiresistive sensors are transducer devices, which can react with H 2 gas molecules and produce
an electrical signal depending on the change in conductivity of sensitive layer [17]. For this reason, sensor
performance such as selectivity, sensitivity, response/recovery time and durability mainly depends on sensitive
layer [18]. Among the sensitive layers, semiconducting-metal-oxides (SMOXs) are one of the most popular due
to their easy and low cost fabrication [19–22]. In this type of sensors, a SMOX sensitive layer is coated on a
surface with electrode structures on top to be able to measure electrical changes on the surface [23]. Oxygen
from the atmospheric air is adsorbed on the surface and extracts electrons from the semiconducting layer by
creating oxygen ions. Here, the type of the oxygen ions depends on the temperature [24, 25]. This electron
extraction from the surface decreases the conductivity. When the surface is exposed to the target gas molecules,
it reacts with the negatively charged oxygen ions, and the electrons are released back to the surface increasing
the conductivity [24].
As a sensing layer, plenty of materials have been used in SMOX-based gas sensors, such as TiO 2 , ZnO,
SnO 2 , CuO, In 2 O 3 and WO 3 [30, 31]. Among them, TiO 2 , which is n-type semiconductor, has unique
optical, electrical and chemical properties, and offers low-cost, durability, and nontoxicity in usage. Moreover,
nanotechnological approaches (nanorods, nanowires etc.) have been applied to increase surface-to-volume ratio
of TiO 2 [32]. For these reasons, TiO 2 have been of great interest by scientists to improve high performance H 2
sensors [24]. Although sensing properties have been improved with nanostructured SMOX, different approaches
such as functionalization of SMOX with catalytic metals have been applied to advance sensor performance.
Sensing mechanism of the SMOX can be explained by the reaction between target gas and the surface [33, 34].
Thus, functionalization of SMOX surface with catalytic noble metals such as Pt, Pd or Au might enhance the gas
sensing performance [17, 21]. Marikutsa et al. modified SMOX surface with Au particles for sensor applications
[35]. They reported that enhanced sensing properties can be attributed to catalytic action of Au. Yang et
al. fabricated Pd functionalized SnO 2 to detect H 2 gas [36]. According to their results, Pd improved sensing
performance of SnO 2 due to its high catalytic activity against H 2 . David et al. showed that Pt decoration on
TiO 2 increases H 2 sensor response [37].
In this study, pristine and Pd loaded TiO 2 nanorods (NRs) were fabricated to investigate their gas
sensing performance against H 2 and VOCs. TiO 2 NRs were synthesized on Al 2 O 3 substrates by hydrothermal
method. Then, the surface of the NRs were modified with Pd via RF magnetron sputter. Fabricated sensors
have been exposed to H 2 with different concentrations at different operation temperatures. According to the
sensor measurements, Pd loaded TiO 2 surface advanced the sensor properties of TiO 2 NRs in terms of sensor
response, operation temperature, and selectivity.
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2. Experimental
TiO 2 nanorods were synthesized on Al 2 O 3 substrates by a facile hydrothermal process [23, 38]. 8.5 mL
tetrabutyl titanate (99+% purity, from Alpha Aesar), 2.45 mL diethanolamine (�99% purity, from Merck) and
33.6 mL ethanol (�99% purity, from Merck) were mixed and stirred at ambient temperature for 2 h. Then, 5 mg
ethanol was dissolved in 0.45 mL deionized water and added drop wise to previous solution. After stirring for 2
h, the solution was aged for 24 h at room temperature to obtain a homogeneous solution. The prepared solution
was used for seed layer formation in the next step. At the second step, the solution was spin coated at 2500 rpm
for 1 min on Al 2 O 3 substrates, and this coating step was repeated 3 times. Afterwards, the seed layer-coated
substrates were annealed at 500 ◦ C for 2 h in the ambient air. At the last step, substrates were placed in a steel
autoclave, which contains a solution of tetrabutyl titanate, HCl, and DI water (1:30:30) and kept at 150 ◦ C
for 6 h. After hydrothermal process, all samples were washed with DI water and dried in air. Finally, TiO 2
nanorods were obtained on the Al 2 O 3 substrate. Pd loaded of TiO 2 nanorods (NRs) were carried out by RF
magnetron sputtering in Ar atmosphere at 0.706 Pa [21]. Different amounts of Pd were coated on TiO 2 NRs.
Sample name, sputtering time, and corresponding thickness of Pd for fabricated sensors are given in Table 1.
Table 1. Sample name, sputtering time, and corresponding thickness of Pd for fabricated sensors.

Sample Name
Pristine TiO2
2Pd/TiO2
4Pd/TiO2

Sputtering Time (s)
15
30

Estimated Thickness (nm)
2
4

X-ray diffraction (XRD) patterns of fabricated samples were obtained using Rigaku Smartlab X-ray
diffractometer with Cu K� radiation ( λ = 1.15406 Å). To investigate morphology and elemental distributions,
scanning electron microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS) (Philips XL 30
SFEG) were used.
In order to perform sensor measurements, Au interdigital electrodes (IDEs) with a thickness of 100 nm
and the width and spacing of 200 µm were thermally evaporated on TiO 2 NRs via Leybold Univex 450 coating
system (see Figure 1). Gas sensing properties of pristine and Pd loaded TiO 2 NRs were investigated against
different concentrations of hydrogen gas at different operation temperatures. Samples were placed on 1 L homemade chamber and heated to desired operation temperature under 200 standard cubic centimeters per minute
(sccm) high purity dry air flow until steady state current was obtained. Keithley 6517A electrometer/high
resistance meter was used to measure the current. During the measurements, 1 V of constant bias voltage
was applied to samples. When steady state was obtained, sensors were exposed to desired concentrations of
hydrogen gas via mass flow controllers. Hydrogen gas were obtained from hydrogen gas cylinder, and VOCs
were generated with the bubbling method as follows [39, 40]: The carrier gas (dry air) was passed through
a gas-washing-bottle filled with a VOC in liquid phase. Thus, carrier gas was saturated with the vapor of
the analyte VOC. The gas-washing-bottle for the analyte was immersed in a thermostated bath of silicone oil
to maintain a constant temperature. Antoine’s equation was used for calculation of the vapor pressure. The
component-specific constants were taken from literature [41]. In our work, the temperature of thermostated
bath was set to –10°C to have an adequate saturation vapor pressure for the analytes. The gas stream saturated
with the analyte vapor is then diluted with dry air to obtain the final desired gas concentration by keeping the
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total flow rate constant at 200 mL/min (200 sccm).

Figure 1. Fabrication scheme of Pd loaded TiO 2 NRs based sensors.

3. Results and discussion
3.1. Morphological, structural and chemical analysis
Reaction mechanism for dissolving and growth process of TiO 2 nanostructures in hydrothermal process is well
described in literature, and the hydrolysis reaction in strong acidic media was explained as follows [42, 43]:
2T i + 6HCl → 2T iCl3 + 3H2 (g)

(1a)

T i3+ + H2 O → T iOH 2+ + H +

(1b)

T iOH 2+ + O2− → T i(IV ) − oxo species + O2− → T iO2

(1c)

Figure 2 shows surface morphology of the samples. Figure 2(a) and (b) show SEM images taken from TiO 2
NRs with different magnifications. 2D nanostructures formation on the surface increases the surface-volume
ratio and thus, enhances the sensing performance of the TiO 2 layer. The large sensing area obtained from
nanorods facilitates more number of interaction between analyte gas molecules and TiO 2 . Figure 2(a) clearly
exhibits highly dense nanorod formation on the surface. Figure 2(c) and (d) shows SEM images taken from 4
nm Pd loaded TiO 2 . Eventhough Pd deposition on the surface is poorly distinguished, reduction of charge-up
effect with a conductive material deposition on the surface appears as more clear SEM image. However, to
ensure Pd deposition on the surface, EDS elemental mapping analysis was also performed. The presence of
the Pd, Ti, Al, and O was confirmed by EDS. EDS elemental mapping and spectrum of 4 nm Pd loaded TiO 2
are given in Figure 3, which revealed a homogeneous distribution of the Pd elements throughout the surface.
Atomic percentages are found as 12% , 54% , 4% and 31% for O, Al, Pd, and Ti, respectively.
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Figure 2. SEM images taken from Pristine TiO 2 NRs: (a) 20000× magnification, and (b) 5000× magnification, and
SEM images taken from 4Pd/TiO 2 NRs: (c) 20000× magnification, and (d) 5000× magnification grown on Al 2 O 3
substrate.

Figure 3. EDS mapping and spectrum result of 4Pd/TiO 2 NRs sample. In the mapping result, green represents O,
grey represents Al, yellow represents Pd, and purple represents Ti.
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Crystal structures of synthesized samples were investigated by X-ray diffraction (XRD, Rigaku Smartlab)
with Cu K� radiation ( λ = 1.54059 Å). Figure 4 illustrates XRD pattern of 4Pd/TiO 2 nanorods. NRs sample
has a mixture of rutile and anatase phases of TiO 2 . 2 θ values of peaks corresponding to (200), (111), (211),
and (301) crystal planes indicate the formation of rutile phase TiO 2 (JCPDS Card No 21-1276). Anatase
phase TiO 2 peaks also appear with orientations including (201) and (213). Pd particles on the surface most
likely do not have crystalline structures. Even if there is a small degree of crystallinity for Pd at 68.2 ◦ C, the
TiO 2 reflection overlaps with that of the Pd, or reflection signal from Pd is dominated by baseline noise, thus
preventing any clearly visible peak from the rest of the signal.

Figure 4. XRD pattern of 4Pd/TiO 2 NRs grown on Al 2 O 3 substrate.

3.2. Gas sensor measurements
Gas sensor performance of fabricated sensors were investigated toward different concentrations of hydrogen gas
and VOCs at 100°, 150°C and 200°C. For sensor response calculations, following equation was used:
SensorResponse (SR) =

Igas − Iair
∆I
=
Iair
Iair

(2)

where Igas is the maximum current after the sensor is exposed to the gas, and Iair is the stabilized
current value of the sensor under high-purity dry air flow.
Gas sensing mechanism for TiO 2 NRs sensors is explained with the modulation of depletion layer formed
by the exchange of electrons between H 2 gas and TiO 2 layer [24]. First, ionosorption of atmospheric oxygen
occurs on TiO 2 NRs’ surface to form molecular or atomic oxygen ions. This electron transfer from surface to
atmospheric oxygen causes a depletion region underneath the surface, thus, decreases the surface conductivity.
As the TiO 2 NRs sensing layer is exposed to a reducing analyte gas, electrons are released back to the sensing
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layer. This electron transfer from absorbed surface species to sensing layer increases the surface conductivity
with the increased charge carrier density. Type of surface species depends on operation temperature. Taking
into account the range of operation temperature in this study, the dominant molecular and ionic species are
expected to be O2− and O− [26]. Formation of ionic species following the absorption process can be defined by
the following reactions [27, 28]:
O2 (absorbed) + e− ↔ O2−

(3a)

O2− + e− ↔ 2O−

(3b)

O− + e− ↔ O2−

(3c)

Electron transfer from ionic species back to the conduction band of TiO 2 sensing layer, which is responsible from the increase in surface conductivity is defined with the following reactions [27, 28]:
H2 + O− (ads) → H2 O + e−

(4a)

1
H2 + O2− (ads) → H2 O + e−
2

(4b)

Figure 5 shows sensor responses of pristine and Pd loaded TiO 2 NRs samples against 1000 ppm H 2 at
200°C. It is clearly seen that the pristine TiO 2 NRs sample shows a sensor response of 0.5. However, sensor
response increases to 6 with 2Pd/TiO 2 NRs. 4Pd/TiO 2 NRs sensor possess the highest sensor response against
1000 ppm H 2 , which is almost 4 fold higher than that of 2Pd/TiO 2 NRs sensor. Pd loading on sensing layer
promotes oxygen dissociation due to cataliytic effect of Pd. The atomic oxygens are dissociated by Pd diffuse
into the TiO 2 surface, which is also known as the “spillover effect” [29]. Increase in the sensor response with
increasing amount of Pd loading can be explained with this increased number of interaction between H 2 and
TiO 2 surfaces.
Figure 6 shows the effect of operation temperature on sensing performance of 4Pd/TiO 2 NRs sensor.
Sensor shows a relatively large response even at 100°C. When compared to the pristine TiO 2 NRs sensor, the
4Pd/TiO 2 NRs lowers the operation temperature of the sensor and significantly increases the sensor response.
The reduced operating temperature might be due to the enhanced effective dissociation of H 2 as compared to
the 2Pd/TiO 2 NRs sensor. In addition to the dissociation of H 2 , Pd is known as H 2 collector with its ability
to absorb a large amount of H 2 when compared to its own volume [44]. This H 2 absorption modifies the work
function of Pd by forming palladium hydride, which causes an effective electron transport to the TiO 2 [45–48].
This increased alteration of surface conductivity results in a relatively lower operation temperature and higher
sensor response at elevated temperatures as seen in Figure 6.
Figure 7 shows the dynamic response of 4Pd/TiO 2 NRs to different H 2 concentrations ranging from 25–
1000 ppm at 100°C, 150°C, and 200°C, with dry air flow in between the cycles. The highest sensor response was
obtained at 200°C for all concentrations. Sensor did not show any memory effect due to residual gas absorption
on the sensor surface after purging with dry air, as can be clearly understood from dropping the response back to
zero between each cycle. The effect of humid environment was also investigated at 40% relative humidity (RH).
As can be seen in Figure 7, humidity increases the response of the sensor. This increase in the response is a
concequence of an increase in the conductivity, and it can be explained with the dissociatively reaction of water
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Figure 5. Sensor response of pristine TiO 2 NRs, 2Pd/TiO 2 NRs and 4Pd/TiO 2 NRs samples at 200°C against 1000
ppm H 2 gas.

Figure 6. Sensor response of 4Pd/TiO 2 NRs sensor at 100°C, 150°C ve 200°C, 1000 ppm H2 .

molecule with lattice oxygen [49]. As a reaction product, an oxygen vacancy is created and this oxygen vacancy
become an effective donor by increasing the charge carrier concentration and thus, increasing the conductivity
[50].
In Table 2, response and recovery times calculated for Pristine TiO 2 at 1000 ppm, and for 4Pd/TiO 2
from 1000 ppm to 25 ppm and at 1000 ppm in 40% R.H. are given. The response time was calculated as 90% of
the time required for the sensor signal to reach from baseline value to the steady state (saturated) value. In a
similar way, the recovery time was calculated as 90% of the time required for the sensor signal to reduce back to
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the baseline value from the saturated signal value. As can be seen, both recovery and response times decreased
with Pd loading on TiO 2 NRs. It is also noted that both response and recovery times decrease with increasing
temperature. Regarding the response time and recovery time, Pd loaded samples exhibited lower values and
thus, better performance than the pristine TiO 2 NRs.

Figure 7. Response curves of 4Pd-TiO 2 NRs sensor to different H 2 concentrations at 100°, 150°C and 200°.

Table 2. Response and recovery times calculated for Pristine TiO 2 at 1000 ppm and for 4Pd/TiO 2 from 1000ppm to
25 ppm and at 1000 ppm in 40% R.H.
Pristine TiO2

200◦ C
150◦ C
100◦ C

4Pd/TiO2

1000 ppm

1000 ppm

500 ppm

res.
(min.)
7.2
8.0
10.6

res.
(min.)
5.6
5.4
9.9

res.
(min.)
4.4
4.5
10.8

rec.
(min)
10.0
8.9
8.8

rec.
(min)
4.5
4.5
9.0

250 ppm
rec.
(min.)
4.5
5.4
8.1

res.
(min.)
4.2
4.5
9.0

100 ppm
rec.
(min.)
5.4
6.3
6.3

res.
(min.)
5.1
3.6
12.6

50 ppm
rec.
(min.)
4.5
6.3
8.1

res.
(min.)
4.5
4.5
9.9

25 ppm
rec.
(min.)
5.4
6.3
7.2

res.
(min.)
4.1
5.4
-

rec.
(min.)
6.3
5.4
-

1000 ppm
in 40% R.H.
res.
rec.
(min.) (min.)
11.7
4.5
11.7
6.3
18
8.1

Besides high sensor response and low-power consumption, one of the requirements for an effective H 2
sensor for real-life applications is a high selectivity (low cross sensitivity) [51]. Modulation of the operating
temperature and loading the sensing layer with metals are some methods, which were previously demonstrated
for selective gas sensing [52–54]. Figure 8 shows sensor responses of pristine and Pd loaded sensors at different
temperatures against H 2 and VOCs (acetone, ethanol, xylene, toluene). Both 2Pd/TiO 2 and 4Pd/TiO 2 NRs
sensors showed a high selectivity at all temperatures against H 2 . For pristine TiO 2 NRs sensors, at higher
operation temperatures, selectivity against H 2 vanishes.
4. Conclusion
Palladium catalyst loaded TiO 2 NRs sensors were tested towards H 2 concentration ranging from 25 ppm to
1000 ppm at different working temperatures. Maximum sensitivities were obtained for 4 nm Pd loaded TiO 2
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Figure 8. Cross sensitivity behaviour of the sensors at (a) 200°C, (b) 150°C, (c) 100°C, and (d) sensor response vs.
temperature graph against 1000 ppm H 2 at 200°C.

NRs sensor (4Pd/TiO 2 ) at all operating temperatures. The response of the sensors with 2nm Pd and 4nm Pd
loaded layers showed that they are approximately 12 and 44 times more sensitive than the pristine TiO 2 NRs
sensor, respectively. Moreover, sensor measurements against VOCs revealed that Pd loaded TiO 2 NRs sensors
showed high selectivity against H 2 .
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